Cell migration in the central nervous system depends, in part, on receptors and extracellular matrix molecules that likewise support axonal outgrowth. We have investigated the influence of T61, a monoclonal antibody that has been shown to inhibit growth cone motility in vitro, on neuronal migration in the developing optic tectum. Intraventricular injections of antibody-producing hybridoma cells or ascites fluid were used to determine the action of this antibody in an in vivo environment. To document alterations in tectal layer formation, a combination of cell-nuclei staining and axonal immunolabeling methods was employed. In the presence of T61 antibody, cells normally destined for superficial layers accumulated in the ventricular zone instead, leading to a reduction of the cell-dense layer in the tectal plate. Experiments with 5-bromo-2'-deoxyuridine labeling followed by antibody staining confirmed that the nonmigrating cells remaining in the ventricular zone were postmitotic and had differentiated. The structure of radial glial cells, as judged by staining with a glia-specific antibody and the fluorescent tracer 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (DiI), remained intact in these embryos. Our findings suggest that the T61 epitope is involved in a mechanism underlying axonal extension and neuronal migration, possibly by influencing the motility of the leading process.
The development of multilayered brain structures, such as the mammalian cerebral cortex and the chick optic tectum, depends on the ability of neurons to leave a proliferative ventricular zone and to migrate toward their future target layers (1) . Much of this migration is radial in nature and appears to depend on interactions with radial glial cells (2, 3) . Insight into cell migration in the central nervous system has come from investigations of the mammalian cerebellum and cortex and the developing chick optic tectum (4) . Granule cell migration along Bergmann glial fibers in the rodent cerebellum has been mostly studied in vitro and more recently in vivo (5) . By using cerebellar slice cultures or a microculture assay employing this tissue, several cell surface and extracellular matrix molecules have been shown to be involved in this process (6) . Studies of cortical slice cultures have demonstrated that cell migration is also influenced by the activity of ion channels and transmitter receptors (7, 8) .
Although many aspects of the events leading to the formation of mature brain structures are displayed in slice preparations, there is evidence that some developmental steps are missing in vitro (9) . Therefore, in vivo studies are required to complement the results derived in vitro. The chick optic tectum is particularly well suited for these purposes, as it is accessible to experimental manipulation at various stages of development. In addition, its structure and development have been analyzed in detail (10, 11) , and data about the clonal relationship of cells and their migratory paths are available (12) .
We investigated the effects of a monoclonal antibody (T61) on neuronal migration in the chick optic tectum. The antibody has been shown to inhibit the growth of retinal ganglion cell axons in vitro by arresting their growth cones (13) . This effect is more pronounced on a complex substratum, such as the isolated retinal basement membrane, than on laminin (14) . T61 antigen has been localized in the extracellular matrix, on the surfaces of axons, and on radial neuroepithelial cells in the retina (15) . Its widespread distribution within the chick nervous system in plexiform and cell body-containing layers raised the question of whether it also participates in developmental processes requiring cellular motility. We addressed this issue by injecting antibody-producing hybridoma cells or ascites fluid into the mesencephalic ventricle of chick embryos. The presence of the T61 antibody in the chick optic tectum during early development led to a massively disturbed layer arrangement, suggesting that the antigen is involved in neuronal migration.
MATERIALS AND METHODS Hybridoma Cells. We used two hybridoma cell lines (T61 and G4) (16) and the myeloma cell line P3-NS-1/1-Ag4-1 (NS-1). Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 2 mM L-glutamine, 1 mM sodium pyruvate, and 10% (vol/vol) fetal calf serum.
Prior to injection, cells were pooled and concentrated by centrifugation.
Injection of Cells or Ascites into Embryos. Chick embryos were transferred into petri dishes on the third day of incubation and maintained at 37°C with high humidity (17) . Approximately 60,000 cells in a volume of 5 ,ul were pressure injected with a glass capillary through the posterior tectum into the ventricle of embryonic day (E) 5-6 embryos. For ascites treatment, 7 ,ul of T61 ascites fluid (6 mg of IgG per ml) was injected at E5-6 and again at E8. As a control, we used ascites containing either IgG antibodies directed against the carbohydrate moiety of the neural cell adhesion molecule (NCAM) (Z191; 2 mg/ml) (18) balanced salt solution) was injected into the posterior tectum of T61-treated and control specimens. After 9 h, embryos were fixed, and cryosections of the tecta were prepared. Sections were treated with 2N HCl (37°C for 30 min), washed in borate buffer (pH 8.5), and subsequently incubated with a monoclonal anti-BrdUrd antibody (IgGl) (Bioscience, Emmenbrucke, Switzerland) diluted 1:10 in blocking solution containing 10% (vol/vol) goat serum, 5% (wt/vol) sucrose, 2% (wt/vol) bovine serum albumin, and 0.3% Triton X-100 at 4°C overnight. The secondary antibody used was tetramethylrhodamine-5-(and-6)-isothiocyanate (TRITC)-or Cy3-conjugated anti-mouse IgG (Fc).
RESULTS
Antibodies Against the T61 Antigen Disturb the Lamination of the Tectum. In control animals, which had been injected with the parental myeloma cells (NS-1) or with IgG-producing hybridoma cells (G4), development of the tectum proceeded normally. Neurons generated in the ventricular zone migrated toward the pia and formed a prominent layer (Fig. 1A , layer II). Cells from this layer contribute to the stratum griseum et fibrosum superficiale (SGFS), which develops at later stages (11, 23) . The position of the SAC (layer III), a layer consisting mostly of tectofugal axons, showed a normal displacement toward the ventricular side. This shift in position results from the decreased size of the ventricular zone after neurons have migrated radially to constitute the tectal plate ( Fig. 1 A and D erably thinner than observed in controls. Many cells still resided in the neuroepithelial layer, which was thicker than normal (layer IV) (Fig. 1B) . As a consequence, the SAC was not displaced as far from the pial surface as in controls. Antibodies had diffused deeply into the tectal wall, well beyond the ventricular zone (Fig. 1C, Right) . A weaker antibody signal was detected in the outer third of the tectal wall. This region included a part of the SAC, the SGFS, and the stratum opticum.
Layer sizes were analyzed quantitatively in the center of the tectum (with respect to the anterior-posterior and the dorsoventral axes). The tectal wall was divided into four layers (I-IV) corresponding to different cell densities, as revealed by DAPI staining (Fig. 1D) (Fig. 2) . These quantitative results confirmed the subjective impression gained from inspection of the specimens.
The results obtained with hybridoma cell injections led us to conclude that T61 antibodies impair neuronal migration, thereby causing cells to remain at the ventricular side. This effect may occur because the antibody interferes with the motility of neurons, as has been observed for growth cones in vitro. However, alternative explanations, particularly nonspecific effects, had to be considered. To control for effects of an indirect nature that could possibly be caused by the presence of hybridoma cells, we injected different ascites fluids (T61 and, as controls, Z191 and Te38) at days E6 and E8 and examined the morphology of the tectal wall at E10. Tecta injected with either control ascites displayed a normal morphology (shown for Te38 in Fig. 3A ). T61 ascites led to a defect in lamina formation similar to that observed after implantation of T61 hybridoma cells (Fig. 3C) Fig. 1D . A statistically significant difference in the relative size (indicated by an *) was found only for the cellular layers II and IV.
(Z191, n = 7) and T61 (n = 11) injected animals. Means for layers I-IV were as follows: layer I, 8.8% ± 2.6% (T61) and 15.5% ± 2.7% (Z191); layer II, 6.4% ± 2.0% (T61) and 27.7% ± 3.7% (Z191); layer III, 29.0% ± 4.5% (T61) and 35.2% ± 4.6% (Z191); layer IV, 55.8% ± 6.4% (T61) and 21.6% ± 1.4% (Z191). P values were highly significant (P < 0.001 for layers I, II, and IV; P < 0.01 for layer III). Thus, it appears that the alterations in tectal morphology are a specific effect caused by the presence of T61 antibody.
BrdUrd-Incorporation Experiments. The apparent failure of cells to migrate may result from the inability of neuroblasts to withdraw from the mitotic cycle and subsequently differentiate. We performed BrdUrd-labeling experiments in combination with ascites injections to confirm that cells remaining adjacent to the ventricular zone had become postmitotic. Application of ascites was chosen to avoid uptake of BrdUrd by dividing hybridoma cells. BrdUrd was injected into the mesencephalic ventricle of control and T61 antibody-treated E9.5 embryos, which were then left to survive until E10.
In control animals (Te38 ascites) BrdUrd-labeled cells were found predominately within the cell-dense ventricular zone (Fig. 3B) . Few cells were detected in other tectal layers. Embryos injected with T61 ascites displayed a severe disturbance of layer formation (Fig. 3C ), but the distribution of BrdUrd-labeled cells did not differ from that in controls (Fig.  3D) . Thus, most cells in the drastically enlarged ventricular zone had become postmitotic, indicating that the failure of cells to leave this zone was not due to their inability to withdraw from the mitotic cycle.
Neurons Impaired in Migration Differentiate. An overall retardation in maturation of the nonmigrating cells might also have been the cause for failure to migrate. To rule out this possibility, we stained sections with an antibody against NCAM-180, a protein expressed only by differentiating neural cells (21) . In both control and T61-treated specimens (Fig. 4  A and C) , label was absent from the layer adjacent to the ventricle (Figs. 1D and 4B ). This zone was slightly larger than the layer occupied by BrdUrd-incorporating cells at E10 (Fig.  3 B and D) , confirming that NCAM-180 is not yet expressed by newly generated neurons. In control embryos, most antibody-positive cells are above the SAC (Fig. 4B) . However, in sections taken from T61-injected embryos, a gradual increase in staining intensity toward the SAC was observed, indicating that the nonmigrating cells expressed NCAM-180 while maturing (Fig. 4D) . Production of this cell surface protein shows that neurons which are impaired in migration resemble their control counterparts in expressing certain antigens associated with differentiated neural cells.
Structure of Radial Glia Is Not Affected by T61 Antibodies. Between E6 and E10, cells leave the ventricular zone and migrate outward along radial glia. Therefore, it is important that the structural integrity of glial cells is maintained during the course of the experiment. Impaired cell migration after T61 ascites injection is demonstrated in Fig. SA , but individual glial fibers spanning the tectal wall from the ventricular to the pial side are revealed with R5 antibody (Fig. SB) . In vibratome sections of embryos having received the same injections, radial glia and their somata were visualized by DiI labeling (Fig. SC) . Thus, as judged by morphological characteristics, radial glia are unaffected by the presence of T61 antibody. Our results demonstrate that a severe impairment of neuronal migration occurs in the presence of this antibody. Considering results obtained from eye organ cultures (24) , this effect was not anticipated. Only a reduction of axonal growth resulting from an interference of the antibody with growth-cone motility has been observed in previous test situations. A similar effect, such as the impairment of the leading process of migrating neurons, may block neural migration, as described in this study.
DISCUSSION
Injection of hybridoma cells has been employed in systems like the anterior eye chamber (25) or the frontoparietal cortex in rats (26) . In our study, surprisingly few nonspecific effects were caused by the presence of hybridoma or myeloma cells themselves. Indeed, we could not detect any differences between uninjected embryos and animals that had received injections of control cells. A comparison of results gained from hybridoma and ascites injections showed that the higher concentration of antibody present in the ventricular system shortly after the injection in the case of ascites leads to a more pronounced accumulation of neurons above the ventricular zone (compare Fig. 1B to Figs. 3C and 4C) . Accordingly, fewer neurons reached the tectal plate. Ascites applications, however, had to be repeated to sustain sufficient antibody levels, resulting in an increased death rate of the embryos due to the manipulation: Single injections generated an intermediate phenotype-i.e., considerably more neurons reached the tectal plate and a broader layer II was formed (data not shown).
We propose that the effects observed after implantation of T61 antibody-secreting hybridoma cells are due to a failure of neurons generated in the ventricular zone to leave their layer of origin because of impaired cell migration. Several other possible explanations were ruled out experimentally. BrdUrdlabeling experiments demonstrate that the T61 antibody does not interfere with cell proliferation and does not cause cell death. The expression of the 180-kDa component of NCAM by those cells residing below the SAC after T61 treatment is an indication that they synthesize molecules specific for differentiated neural cells. This finding was substantiated by staining with other antibodies (anti-neurofilament, anti-MAP2, and anti-MAPS; unpublished observations), which suggests that the postmitotic neurons differentiate but are unable to migrate when exposed to sufficiently high concentrations of T61 antibody. Finally, we have demonstrated that the processes of radial glial cells still span the entire wall of the tectum and form normal looking endfeet. This evidence shows that the structural basis for migration is not altered in experimental animals.
A molecular mass of 480 kDa and a predominant localization in the extracellular matrix have been reported for the T61 antigen (15, 27) . Similar properties (a very high molecular weight, resemblance to extracellular matrix proteins, and a selective expression in the brain) were proposed for the protein encoded by reelin, a gene deleted in the reeler (rl) mouse (28) .
These mice, defective in neuronal migration, show a disturbance in lamina formation similar to that observed in chick tecta in the presence of T61 antibody (29, 30) . No gross impairment of fiber formation has been described for the reeler mutant. Injection of T61 hybridoma cells also did not influence the formation of the main tectal fiber layer, the SAC, to a large extent, although the antibody inhibits outgrowth of tectal axons in vitro (27) . In those experiments, however, tectal explants were placed on components derived from the extracellular matrix, which may not be the substrate used in vivo.
Other areas of the nervous system must be examined to elucidate the relative contribution of the T61 antigen to neuronal migration and axonal outgrowth.
Our findings show the chick central nervous system to be a suitable model for studying the function of extracellular molecules in vivo. Interactions of two or more components may be investigated by combined injections of antibodies or by a combination of antibody application and gene transfer techniques.
